Ubiquitination-directed proteasomal degradation of synaptic proteins, presumably mediated by lysine 48 (K48) of ubiquitin, is a key mechanism in synapse and neural circuit remodeling. However, more than half of polyubiquitin (polyUb) species in the mammalian brain are estimated to be non-K48; among them, the most abundant is Lys 63 (K63)-linked polyUb chains that do not tag substrates for degradation but rather modify their properties and activity. Virtually nothing is known about the role of these nonproteolytic polyUb chains at the synapse. Here we report that K63-polyUb chains play a significant role in postsynaptic protein scaffolding and synaptic strength and plasticity. We found that the postsynaptic scaffold PSD-95 (postsynaptic density protein 95) undergoes K63 polyubiquitination, which markedly modifies PSD-95's scaffolding potentials, enables its synaptic targeting, and promotes synapse maturation and efficacy. TNF receptor-associated factor 6 (TRAF6) is identified as a direct E3 ligase for PSD-95, which, together with the E2 complex Ubc13/Uev1a, assembles K63-chains on PSD-95. In contrast, CYLD (cylindromatosis tumor-suppressor protein), a K63-specific deubiquitinase enriched in postsynaptic densities, cleaves K63-chains from PSD-95. We found that neuronal activity exerts potent control of global and synaptic K63-polyUb levels and, through NMDA receptors, drives rapid, CYLD-mediated PSD-95 deubiquitination, mobilizing and depleting PSD-95 from synapses. Silencing CYLD in hippocampal neurons abolishes NMDA-induced chemical long-term depression. Our results unveil a previously unsuspected role for nonproteolytic polyUb chains in the synapse and illustrate a mechanism by which a PSD-associated K63-linkage-specific ubiquitin machinery acts on a major postsynaptic scaffold to regulate synapse organization, function, and plasticity.
Ubiquitination-directed proteasomal degradation of synaptic proteins, presumably mediated by lysine 48 (K48) of ubiquitin, is a key mechanism in synapse and neural circuit remodeling. However, more than half of polyubiquitin (polyUb) species in the mammalian brain are estimated to be non-K48; among them, the most abundant is Lys 63 (K63)-linked polyUb chains that do not tag substrates for degradation but rather modify their properties and activity. Virtually nothing is known about the role of these nonproteolytic polyUb chains at the synapse. Here we report that K63-polyUb chains play a significant role in postsynaptic protein scaffolding and synaptic strength and plasticity. We found that the postsynaptic scaffold PSD-95 (postsynaptic density protein 95) undergoes K63 polyubiquitination, which markedly modifies PSD-95's scaffolding potentials, enables its synaptic targeting, and promotes synapse maturation and efficacy. TNF receptor-associated factor 6 (TRAF6) is identified as a direct E3 ligase for PSD-95, which, together with the E2 complex Ubc13/Uev1a, assembles K63-chains on PSD-95. In contrast, CYLD (cylindromatosis tumor-suppressor protein), a K63-specific deubiquitinase enriched in postsynaptic densities, cleaves K63-chains from PSD-95. We found that neuronal activity exerts potent control of global and synaptic K63-polyUb levels and, through NMDA receptors, drives rapid, CYLD-mediated PSD-95 deubiquitination, mobilizing and depleting PSD-95 from synapses. Silencing CYLD in hippocampal neurons abolishes NMDA-induced chemical long-term depression. Our results unveil a previously unsuspected role for nonproteolytic polyUb chains in the synapse and illustrate a mechanism by which a PSD-associated K63-linkage-specific ubiquitin machinery acts on a major postsynaptic scaffold to regulate synapse organization, function, and plasticity. T he diverse functions of ubiquitination are largely determined by structurally and functionally distinct polyubiquitin (polyUb) chain types (1) . Conventional chains linked through lysine 48 (K48) of ubiquitin are the classical signal that targets substrates to the 26S proteasome for degradation, whereas K63-linked chains have emerged as a predominant unconventional linkage regulating protein interactions, trafficking, and kinase activation (2, 3) . Ubiquitination is reversed by deubiquitinases (DUBs), a large group of proteases that cleave the isopeptide linkage between ubiquitin moieties (4) . K63 polyubiquitination plays essential roles in immune and inflammatory pathways leading to NF-κB activation, mediated by the TNF receptor-associated factor (TRAF) family E3 ubiquitin ligases (2, 5) . The DUB cylindromatosis tumor-suppressor protein (CYLD), which when mutated causes familial cylindromatosis (6) , serves as a negative regulator of NF-κB signaling by deubiquitination (4) .
The strength of excitatory synapses depends on the abundance and proper assembly of postsynaptic receptors, channels, and signaling complexes, anchored by molecular scaffolds in the postsynaptic density (PSD) (7) . Regulated degradation of postsynaptic proteins by the ubiquitin-proteasome system (UPS) has emerged as a major mechanism for structural and functional modifications of synapses (8) (9) (10) (11) . UPS-mediated, activity-dependent remodeling of PSD proteins (12) , including several synaptic scaffold "master organizers" (12) (13) (14) (15) , is believed to play a crucial role in organization of the PSD and maintenance of the synapse (15) (16) (17) . Despite their potential to significantly impact protein network assembly, almost nothing is known about proteasome-independent K63-polyUb chains at the synapse. Intriguingly, ubiquitome analysis estimates that K63-polyUb chains are the second most abundant ubiquitin linkage in the rat brain, behind conventional K48-linkage (18) , and the K63-specific CYLD is highly enriched in the PSD (19) .
PSD-95 is a major postsynaptic scaffold in the membraneassociated guanylate kinase (MAGUK) family (7) . Because of its modular structure and abundance in the PSD, PSD-95 binds numerous PSD proteins and serves as a core stabilizer of the molecular architecture of the PSD (20) . PSD-95 associates with glutamate receptors and signaling complexes in the PSD, thus controlling synaptic strength (21) and regulating activity-dependent synaptic plasticity (22) (23) (24) (25) (26) . PSD-95 also promotes dendritic spine morphogenesis and synapse maturation (27) , likely by associating with proteins that regulate the spine cytoskeleton, such as SPAR (28) and GKAP/SAPAP (29, 30) . The abundance of PSD-95 is regulated by activity through the UPS (13) , and its targeting to synapse membranes is regulated by palmitoylation (31, 32) , phosphorylation (33, 34) , and neddylation (35) . Consistent with a central role for PSD-95 in synaptic function and plasticity, mice lacking PSD-95 display impaired learning and reward-related behaviors (36, 37) .
Significance
A well-investigated mechanism regulating synapse protein turnover and remodeling is the classical ubiquitin-proteasome system by which polyubiquitin (polyUb) chains linked through ubiquitin lysine 48 (K48) tag substrates for proteasomal degradation. Little is known about the role of nondegradable polyUb linkages, e.g., K63-linked chains, in the synapse, although these chains represent the second most abundant polyUb linkage in mammalian brain. We identified a bona fide K63-polyUb substrate in PSD-95, a major postsynaptic scaffold. K63-polyUb conjugation markedly augments PSD-95's scaffolding capability and promotes its synaptic targeting and anchorage. We identify a K63-linkagespecific E3 ligase-deubiquitinase complex that controls activitydependent assembly and disassembly of K63-polyUb chains on PSD-95. We show that this unconventional polyUb linkage promotes synapse maturation, efficacy, and plasticity.
In this study, we show that K63-polyUb is a prominent ubiquitin linkage type in the PSD, identify a bona fide K63-polyUb substrate and its E2/E3/DUB complex in the synapse, and illustrate a mechanism by which this concept contributes to synapse assembly, function, and plasticity.
Results

K63-PolyUb
Chains Are Present at the Synapse. We first investigated whether K63-linked ubiquitination occurs at the synapse. Western blotting of forebrain lysates from mice at different postnatal ages using anti-UbK63, a linkage-specific antibody that selectively recognizes K63-linked polyUb (≥2) chains (38) , detected high molecular weight K63-polyUb smear bands, which appeared at postnatal day 5 (P5) and became increasingly abundant thereafter (Fig. 1A) . Pan-ubiquitin and K63-polyUb profiles in ubiquitin immunoprecipitates prepared from mouse forebrains and cultured rat hippocampal neurons revealed strikingly similar patterns (Fig. 1B) . Immunofluorescence microscopy revealed abundant K63-polyUb staining in the mouse hippocampus (Fig. S1A) , and K63-polyUb puncta partially colocalized with dendritic PSD-95 clusters in cultured hippocampal neurons ( Fig. 1 C and D) . To further confirm the presence of K63-polyUb at synapses, we cotransfected GFP (to label spines) and ubiquitin mutants HAUbK63 and HA-UbR63 (Fig. 1G ) into cultured neurons. HAUbK63, but not HA-UbR63 (abolishing K63-polyUb synthesis), was abundant in spines ( Fig. S1 B and C). These data indicate that K63-polyUb conjugates are present at synapses.
PSD-95 Is a Substrate of K63 Ubiquitination. We next set to identify substrates that undergo K63-linked ubiquitination in the synapse. We chose PSD-95 because previous studies (13) had shown that PSD-95 is conjugated by polyUb, although the linkage type was unknown. Both ectopically expressed and endogenous PSD-95 appeared polyubiquitinated under denaturing conditions: We estimated that up to 45% and 36% of total PSD-95 were likely ubiquitinated in HEK293FT cells (Fig. S2A ) and neurons (Fig. S2B) , respectively, in the absence of proteasome inhibitors, suggesting strong PSD-95 ubiquitination via nonproteolytic linkages, e.g., K63. Indeed, we detected robust K63 polyubiquitination of endogenous PSD-95 in Neuro2a cells, rat hippocampal cultures, and brains of WT but not PSD-95-KO mice (Fig. 1E and Fig. S2C ). Consistently, PSD-95-Flag was K63-polyubiquitinated when expressed in HEK293FT cells (Fig. 1F) . In addition, polyubiquitination of PSD-95 was enhanced by coexpressed HA-UbK63 but not by HAUbK48 or HA-UbR63 mutants ( Fig. 1 G and H) . Thus, PSD-95 is a bona fide substrate of K63 polyubiquitination.
Mapping Ubiquitination Sites on PSD-95. We next systematically mapped the K63 polyubiquitination sites on PSD-95 using sitedirected mutagenesis. PSD-95 contains a unique N terminus (NT) followed by conserved protein-interaction domains ( Fig. 2A) . Deleting the NT abolished K63 ubiquitination (Fig. S2D) . However, replacing both lysine residues (K10 and K11) within the NT with arginine did not substantially affect PSD-95 ubiquitination (Fig. 2B) , indicating that they are not actual K63-polyUb conjugation sites. More likely, the NT is required for K63 ubiquitination of PSD-95 by mediating ubiquitin enzyme binding (see below and Fig. S3E ). Supporting this, mutating cysteines 3 and 5 to serine (C3,5S) or deleting residues from proline 26 through asparagine 72 (ΔSrc) impacted PSD-95 K63 ubiquitination (Fig. 2B) . C3,5S and ΔSrc mutants have been implicated in maintaining the structural integrity of PSD-95 to properly interact with the signaling enzymes palmitoyl transferases (39) and the tyrosine kinase Src (40) . Interestingly, deleting the PEST sequence (R13-S25), a motif associated with UPS-mediated protein turnover (13) , also substantially reduced K63 polyubiquitination of PSD-95 (Fig. 2B) . Additional screening suggested that the primary K63 ubiquitination sites are localized in Src-homology 3-guanylate kinase (SH3-GK) domains ( Fig. 2C and Fig. S2D ). Of all 17 lysines within SH3-GK, mutation of four residues (K491 in SH3 and K544, K558, and K672 in GK) most substantially diminished K63 ubiquitination of PSD-95 ( Fig. 2 C and E) . These residues are conserved from Drosophila to humans and among MAGUK members ( Fig. S2 E and F), suggesting evolutionary significance. PSD-95 was also conjugated by K48-polyUb, and all but one (K558R) of the mutants also drastically reduced K48-linked ubiquitination of PSD-95 ( Fig. 2D and Fig. S2G ). Another mutant, K703R, selectively impaired K48 while sparing K63 ubiquitination ( Fig. 2 C and D) . Importantly, the three GK lysine residues mediate PSD-95 ubiquitination similarly in neurons: K558R selectively impaired K63, whereas K544R and K672R impaired both K63 and K48 ubiquitination of PSD-95 ( Fig. S2 H-K). Our results demonstrate that PSD-95 is dually modified by K48 and K63 linkages and identify linkage-specific sites that mediate PSD-95 ubiquitination (Fig. 2F) .
A K63-Specific E2/E3/DUB Complex in the PSD. We next searched for the molecular machinery of K63 ubiquitination in the synapse. The substrate specificity and linkage topology for ubiquitination are determined to a certain extent by limited ubiquitin-conjugating enzymes (E2s) and to a greater extent by ubiquitin ligases (E3s), a large and diverse family of proteins. To date, the only known K63-selective E2s are the Ubc13/Uev1A complex. We found that Ubc13 is present and Uev1A is enriched in the PSD (Fig. 3A) , and both colocalized with PSD-95 in dendritic clusters (Fig. S3A) .
To seek the E3 ligase responsible for K63 ubiquitination of PSD-95, we surveyed published PSD MS databases for likely candidates. The only relevant lead identified was TRAF3, a member of the TRAF cytoplasmic adaptor protein family (41) . Structurally, TRAFs, including TRAF3 and six other members, are K63-specific E3 ligases involved in transducing interleukin and TNF signaling in the NF-κB pathway (2, 5) . Surprisingly, . n = 3-13 experiments. ***P < 0.001, **P < 0.01, *P < 0.05; unpaired t tests vs. WT(+UbK63). (F) Mutagenesis summary; "+" in dark blue or red indicates an essential contribution; "+" in light blue indicates a modest contribution; "−" indicates little or no contribution. ectopically expressed TRAF3 did not promote K63 ubiquitination of PSD-95; rather, screening a panel of additional TRAFs revealed that only TRAF6 promoted K63 ubiquitination of PSD-95 ( Fig. 3B) . TRAF6 is present in rat brain PSD (Fig. 3A) , and in HEK293FT cells the overexpression of TRAF6 but not other TRAFs potently promoted K63, but not K48, ubiquitination of PSD-95 (Fig. 3C ). TRAF6-facilitated K63 ubiquitination was diminished in K558R ( Fig. S3B ) and PSD-95ΔNT ( Fig. 3D ) mutants. In vitro ubiquitination assays using purified proteins showed that TRAF6, in conjunction with Ubc13/Uev1A, effectively delivered the ubiquitin moieties to PSD-95, which did not occur when TRAF6, UbK63, Ubc13, Uev1A, or PSD-95 was omitted from the reaction mix (Fig. 3E ). TRAF6 interacted with PSD-95 but not with PSD-95ΔNT or -C3,5S in HEK293FT cells (Fig.  S3 D and E) , which explains their nearly abolished K63 ubiquitination ( Fig. 2B and Fig. S2 A and D) . Together, these results identify TRAF6 as a direct K63-specific E3 ligase for PSD-95. A DUB that selectively cleaves K63 chains is CYLD (4). CYLD also is detected in PSD MS studies (42, 43) and, interestingly, is enriched in the PSD (19) . We detected a markedly higher amount of CYLD in PSD compared with other fractions (Fig. 3A) . In HEK293FT cells, CYLD inhibited TRAF6-induced K63 ubiquitination of PSD-95 (Fig. 3F) . In vitro deubiquitination assays showed that WT CYLD, but not the C601A mutant lacking the DUB enzymatic activity, substantially diminished K63 ubiquitination of PSD-95 (Fig. 3G) . These results suggest that CYLD is a PSD-enriched DUB that removes K63 chains on PSD-95.
Additional experiments confirm that TRAF6 and CYLD are E3 ligases and DUBs for PSD-95, respectively, in neurons. Both TRAF6 and CYLD colocalized with PSD-95 on dendrites of cultured hippocampal neurons (Fig. S3A) . Interactions between endogenous PSD-95 and TRAF6, Ubc13, Uev1A, or CYLD in mouse forebrain were also detected ( Fig. S3 F-I) . Importantly, overexpression of TRAF6, but not the E3 ligase-deficient mutant C70A, increased, but knockdown of TRAF6 decreased, K63 ubiquitination of PSD-95 in hippocampal neurons (Fig. 3 I , J, M, and N and Fig. S3C ). In contrast, CYLD overexpression decreased, but knockdown increased, K63 ubiquitination of PSD-95 (Fig. 3 K-N) . Thus, TRAF6-Ubc13/Uev1A-CYLD is a neuronal E2-E3-DUB complex regulating K63 ubiquitination of PSD-95.
K63-PolyUb Chains Modify PSD-95 Scaffolding. A hallmark role of K63-polyUb chains is modifying substrate properties. We thus examined the ability of K63-deficient mutants to interact with known PSD-95-binding proteins. WT PSD-95, but not K558R, coprecipitated in HEK293FT cells with SPAR (Fig. 4A) , a primary GK-binding partner (28) . Yeast two-hybrid assays confirmed that PSD-95 interacted with the SPAR C terminus, but this interaction was abolished by K558R in yeast (Fig. 4 B and C) . We detected no interaction between His-SPAR-C and GST-PSD-95 or GST-K558R purified from Escherichia coli (Fig. 4D) , where the ubiquitination machinery is absent, further supporting the notion that SPAR binds K63-ubiquitinated PSD-95 but not its unconjugated form. Importantly, the PSD-95-SPAR but not the K558R-SPAR interaction was "rescued" in an in vitro reconstitution assay using purified ubiquitinated PSD-95 expressed in HEK293FT cells (Fig. 4E) . In HeLa cells, K558R also markedly weakened PSD-95 interaction with GKAP/SAPAP (Fig. 4F) , another GK-binding scaffold enriched in the PSD that links PSD-95-NMDA receptor (NMDAR) to Shank-Homer complexes (29, 30) . However, K558R did not affect PSD-95 interaction with SAP102, a GK-interacting MAGUK (44) , in HEK293FT cells (Fig. 4G) .
The nearly abolished interactions between K558R and SPAR or GKAP were unlikely to be due to K-R substitution-related structural alterations to GK. First, structural analysis indicates that K558 is located in the loop connecting α1 and β2 of GK at the opposite side of the target-binding groove of GK, and its sidechain is also fully exposed (Fig. 4H) . Thus, a mere K-R substitution is highly unlikely to alter the GK structure and its binding to targets, including SPAR, GKAP, and Lethal giant larvae 2 (Lgl2) (Fig. 5H) (45, 46) . Second, NT mutants C3,5S, C5S, and V7S severely impaired K63 ubiquitination of PSD-95 (likely by interfering with E3 binding to the NT, see above) ( are located more than 500 aa from GK, it is unlikely that these mutations affect the GK structure.
To gain more insights into K63 regulation of PSD-95-target binding, we probed 14 PSD-95 interactions using GST pulldown on mouse brain lysates (Fig. S5 A-C) . Consistent with the above results, neither GST-K558R nor GST-PSD-95 pulled down detectable amounts of brain SPAR and GKAP. Similar results were obtained for AKAP79/150, a GK-and SH3-binding synaptic scaffold for certain protein kinases and phosphatases (7); thus K63-polyUb may strongly influence this interaction as well. GST-PSD-95 recovered substantial amounts, but GST-K558 recovered significantly less of the GK-binding proteins Begain and MAP1A, suggesting that K63-polyUb facilitates these interactions. GST-PSD-95 and GST-K558R recovered similar amounts of SAP102; thus this GK interaction is unaffected by K63-polyUb. Finally, pulldown profiles of eight additional proteins interacting with non-GK domains of PSD-95 indicate that K63 ubiquitination had rather modest influence on these interactions.
We further extended the above analysis to additional GK domain K63 mutants, K544R and K672R (although both also impair K48 linkage). Both mutants nearly abolished the interaction with SPAR in HEK293FT cells (Fig. S4D) . Similar to GST-K558R or GST-PSD-95, neither GST-K544R nor GST-K672R pulled down detectable SPAR, GKAP, or AKAP from brain lysates (Fig. S5D) . In comparison, although PSD-95-Flag purified from HEK293FT cells expectedly pulled down significant amounts of SPAR, GKAP, and AKAP from brain lysates, purified K544R and K672R did not (Fig. S5D) . Notably, non-GK-dependent interactions were not affected. Since neither mutation impacts the GK structure or its target binding property (Fig. S5E) , we concluded that K63-polyUb assembled on GK modifies the scaffolding capability of PSD-95 in a GK-preferred and target-specific manner.
K63-PolyUb Targets PSD-95 to Synapses and Promotes Synapse
Remodeling and Strength. PSD-95 association with other PSD proteins is essential for its clustering at the synapse. When introduced into PSD-95-KO neurons (where the lack of endogenous PSD-95 prevented potential interference), Myc-PSD-95, but not the K63-specific mutant Myc-K558R, was preferentially concentrated in heads of mushroom, stubby, and thin spines (Fig. 5 A  and B) and displayed a markedly higher spine/shaft ratio than Myc-K558R (Fig. 5C ). The lack of K558R accumulation in spines was observed across the entire dendritic tree of neurons and also, albeit to a lesser degree, in transfected rat neurons in which endogenous PSD-95 was present (Fig. S6 A-E) . The dual-linkage mutants Myc-K544R and Myc-K672R also showed drastically impaired spine-head accumulation, whereas the K48-specific mutant Myc-K703R was accumulated normally (Fig. S6 F and G) . Knockdown of endogenous TRAF6 markedly decreased PSD-95 enrichment at spines and the spine/shaft ratio, whereas CYLD knockdown increased these parameters (Fig. 5 D and E) . Finally, SPAR clustering was markedly reduced in cultured PSD-95-KO neurons, and PSD-95-Flag, but not K558-Flag, promoted synaptic clustering of HA-SPAR (Fig. S6 H-J) . These results support the crucial role of K63-polyUb in the targeting and clustering of PSD-95 and its associated proteins at synapses.
Synaptically localized PSD-95 serves as a "slot scaffold" to control synaptic AMPA receptor (AMPAR) content (21, 47) . Consistent with ref. 27 , overexpression of PSD-95-Flag in rat hippocampal neurons enhanced clustering of surface GluA1 (sGluA1) receptors (Fig. 6 A and B) as well as the presynaptic synapsin I (Fig. 6 C and D) , supporting the notion that PSD-95 promotes synapse maturation (48) . K558R-Flag overexpression did not enhance, and in fact reduced, sGluA1 and synapsin I clustering (Fig. 6 A-D) . PSD-95-Flag, but not K558R-Flag, also significantly increased the density and head size of mushroom and stubby spines (Fig. 6 E and F) . Functionally, miniature excitatory postsynaptic currents (mEPSCs) recorded from PSD-95-GFP transfected pyramidal neurons exhibited significantly higher frequency and amplitude compared with GFP-transfected controls, whereas K558R-GFP overexpression did not affect either mEPSC frequency or amplitude (Fig. 6 G and H) . Similar to K558R, K544R and K672R lost the ability to enhance sGluR1 clustering and mushroom spine morphogenesis in neurons (Fig. S7) .
We next investigated the role of K63-polyUb in synapse remodeling in vivo. Lentiviruses expressing Myc-PSD-95/GFP, Myc-K558R/GFP, or Myc-GFP were injected into hippocampi of P20 PSD-95-KO mice (Fig. 6I) , and dendritic spines and synapsin I clustering were analyzed at P34 (Fig. 6 J-M) . Myc-PSD-95-but not Myc-K558R-expressing CA1 pyramidal neurons displayed a significant increase in spine density on apical dendrites over GFP control (Fig. 6 J and K) , and synapsin I clustering was significantly more enhanced in Myc-PSD-95-injected than in K558R-injected mice ( Fig. 6 L and M) . In summary, our experiments in vitro and in vivo support the notion that K63-polyUb promotes synapse formation, maturation, and strength.
Regulation of K63-PolyUb Conjugation by Activity. We next examined whether K63 ubiquitination is regulated by neuronal activity. Exposure to NMDA, a treatment used to induce chemical longterm depression (cLTD) in cultured neurons and slices (33, 49) , resulted in a rapid (within minutes) and potent (∼73%) decrease of K63-polyUb conjugate level ( Fig. 7 A and B) . This effect was completely reversed by the NMDAR antagonist AP5. The profound loss of K63-polyUb staining was observed throughout the neuron, indicating a global disassembly of K63-polyUb chains, likely by deubiquitination of substrates. We directly investigated activity regulation of PSD-95 ubiquitination. NMDA induced rapid loss of K63-polyUb from PSD-95, which was prevented in a Ca 2+ -free solution or by AP5 (Fig. 7 C  and D) . This NMDA-triggered deubiquitination was long lasting even after NMDA removal (Fig. 7 E and F) , resembling that of cLTD (49) . AP5 alone elicited a gradual increase of PSD-95 ubiquitination that reached a plateau by 10 min after treatment ( Fig. 7 C and D) , suggesting that PSD-95 is constitutively conjugated by K63-polyUb under resting conditions but simultaneously undergoes deubiquitination driven by spontaneous NMDAR activation. Consistently, blocking action potential-dependent synaptic activity with tetrodotoxin (TTX) or enhancing synaptic activity with the GABA A receptor blocker bicuculline respectively increased and decreased K63 ubiquitination of PSD-95 ( Fig. 7 C  and D) . Knocking down TRAF6 prevented the AP5-elicited increase of PSD-95 ubiquitination (Fig. 7G) , supporting the notion that TRAF6 mediates constitutive K63 ubiquitination of PSD-95. In contrast, CYLD knockdown abolished NMDA-induced loss of PSD-95 ubiquitination (Fig. 7 H and I) , suggesting that CYLD is required for this activity-dependent deubiquitination. Similar results were also observed in acute mouse prefrontal slices (Fig. S8) , suggesting that these regulations occur in native circuits. Together these results indicate that K63-polyUb conjugation to PSD-95 is controlled by activity through TRAF6 and CYLD.
K63-PolyUb Regulates Activity-Dependent PSD-95 Clustering. Given that K63-polyUb targets PSD-95 to synapses and that NMDA stimulation deubiquitinates PSD-95, we tested the hypothesis that K63-polyUb regulates activity-dependent PSD-95 clustering at synapses. NMDA induced a rapid decrease of endogenous PSD-95 staining intensity on dendrites, concomitant with a loss of dendritic K63-polyUb immunostaining (Fig. 8A) . This NMDA-triggered PSD-95 declustering was not due to synaptic PSD-95 degradation, because including the proteasome inhibitor MG132 during stimulation did not prevent PSD-95 declustering (Fig. 8 A-D) . Furthermore, when transfected into neurons, the K48-deficient K703R-Flag was quickly lost from spines following NMDA stimulation, whereas K558R-Flag was resistant to NMDA and maintained its diffuse dendritic localization (Fig. S9 A and B) . This result confirmed that the rapid (within minutes) PSD-95 declustering following NMDAR activation was primarily mediated by translocation of PSD-95 away from synapses independent of proteasomal turnover. Finally, knocking down endogenous CYLD prevented NMDA-induced PSD-95 declustering which, importantly, was restored by cotransduction of an RNAi-resistant CYLD cDNA but not the DUB-dead mutant C601A (Fig. 8 E and F and  Fig. S9C ). These results demonstrate a critical role for K63-polyUb in activity-dependent regulation of PSD-95 clustering at synapses.
K63 Deubiquitination and CYLD Are Required for cLTD. The rapid PSD-95 declustering associated with PSD-95 deubiquitination by NMDA suggests that K63 linkage has a role in LTD. We tested this hypothesis by first examining NMDAR-dependent AMPAR endocytosis in cultured hippocampal neurons. In agreement with earlier studies (26, 50) , a brief application of NMDA induced robust internalization of sGluA1 receptors throughout the cell (Fig.  S9 D and E) . This NMDAR-triggered sGluA1 internalization was severely impaired in PSD-95-KO neurons (Fig. S9 F and G) , as is consistent with an important role for PSD-95 in LTD (13, 25, 26, 33) . Reintroducing WT PSD-95, but not K558R (which reached synapses, albeit to a lesser degree than WT), to PSD-95-KO neurons restored the NMDA-induced sGluA1 internalization (Fig.  S9 F and G) . Supporting the notion that deubiquitination is necessary for this process, CYLD knockdown in rat hippocampal neurons abolished NMDAR-triggered sGluA1 internalization, and, importantly, this effect was rescued by coexpressing the RNAiresistant CYLD (Fig. 9 A and B) . These experiments suggest important roles for K63 deubiquitination and for CYLD in cLTD.
We next examined NMDA-induced depression of mEPSCs, a functional form of cLTD sharing similar mechanisms with NMDAR-triggered AMPAR internalization (26, 50) . In control neurons, bath-applied NMDA produced a significant decrease in mEPSC frequency (but only a small, insignificant decrease in amplitude), consistent with findings in ref. 50 , which was blocked by loading the Ca 2+ chelator BAPTA ( Fig. 9 C and D) . CYLD knockdown abolished this NMDAR-triggered mEPSC frequency depression, and this effect was rescued by coexpressing RNAiresistant CYLD. Together, these results indicate that CYLD mediates cLTD, likely through deubiquitination and synaptic decumulation of PSD-95.
Discussion
The UPS has emerged as a major mechanism that deconstructs synapses and remodels neural circuits during development and behavior learning (8) (9) (10) (11) . We illustrate a UPS-independent mechanism by which ubiquitination has an unexpected, constructive role in synapse organization, function, and plasticity (Fig. 9E) . Among eight polyUb chain types, K63 chains are considered the primary nondegradable linkage (51) . The extended open conformations adopted by these chains are recognized not by the proteasome but by diverse ubiquitin-interacting proteins involved in endocytosis, kinase activation, and protein trafficking (1). These chains can also remodel the surface of substrate proteins, akin to phosphorylation, to directly regulate protein-protein interactions (3). The regulation of PSD-95 interactions with structurally distinct partners by K63-polyUb demonstrated by several K63-deficient mutants, suggests that K63 chains modify the conformation of PSD-95, particularly the GK domain, through surface remodeling. However, recognizing the high diversity and complexity of ubiquitin-binding domains (1), we cannot exclude the possibility that unidentified ubiquitinbinding domains may be embedded in these proteins that can serve as primary or secondary interaction sites. Regardless of the mechanism, our results suggest that a key role of K63 chains at the synapse is to regulate the orderly organization of the PSD protein network.
What are the endogenous K63-polyUb conjugation site(s) on brain PSD-95? While standard and well-accepted in ubiquitination site mapping and often required for validating high-throughput data, our mutagenesis results do not prove a lysine is actually conjugated by polyUb chains. A more direct approach is MS, which became available for rodent brain PSD-95 during the preparation and revision of this article (52) . This evolving database has uncovered several potential ubiquitination sites on SH-GK of PSD-95, and, interestingly, only K558 independently converges with our low-throughput biochemical assay. Combined, these results show it is reasonable to conclude that K558 is an authentic ubiquitination site for brain PSD-95 that accounts for a substantial amount of total PSD-95 ubiquitination. Conversely, K491, K544, and K672, which we found to markedly influence PSD-95 ubiquitination, were not picked up by MS and could be false negatives due to resolution and/or sensitivity issues often associated with high-throughput experiments. Alternatively, some of these residues may not be true ubiquitin sites in native tissues but undergo other types of modifications that can critically regulate the ubiquitination of the cognate site(s). Indeed, based on the MS database (52), K544 and K672 may be acetylated. In either case, it is interesting to note that a K-R mutation at any of the four lysine residues we identified in SH3-GK severely impairs the total PSD-95-K63 ubiquitination to a similar extent, suggesting critical interdependence among these sites in regulating ubiquitination. This could be through complex but poorly understood spatiotemporal mechanisms underlying ubiquitination (53) or via crosstalk between ubiquitin network and other modifications (54) . Regardless of the mechanistic details, given the established specificity of polyUb chain antibodies (38) , our study (combined with the MS resource) provides little doubt that PSD-95 undergoes K63 ubiquitination and identifies a direct K63-polyUb site in K558 and several other potential sites that regulate this modification on a key synaptic scaffold.
Synaptic targeting of PSD-95 is regulated by protein palmitoylation and phosphorylation. Palmitoylation at C3 and C5 residues recruits PSD-95 to synapse membranes (31) , and phosphorylation of S295 enhances synaptic accumulation of PSD-95 (33) . However, palmitoylation does not seem to be absolutely required for K63 ubiquitination, as mutants impairing this modification were still ubiquitinated (C3S and I6S in Fig. S4E ). Whether K63-polyUb influences palmitoylation and phosphorylation is unknown. Given the abundance of PSD-95 in PSD [∼300 copies (55) ], its many binding partners (7), and that only a fraction of the protein undergoes ubiquitination at a given time, we suggest that, depending on activity patterns and surrounding molecular architectures, separate pools of differentially modified PSD-95 molecules simultaneously exist in the PSD. The different modification mechanisms may act in concert to target and compartmentalize PSD-95 to appropriate subdomains in PSD (Fig. 9E) for it to participate in various synaptic processes. Thus, K63 ubiquitination represents a mechanism joining phosphorylation and palmitoylation in synaptic targeting, assembly, and signaling.
Previous studies have shown that NMDA stimulation induces K48-polyUb accumulation and proteasome recruitment in dendritic spines (56) as well as presumable K48-linked ubiquitination and degradation of PSD-95 (13) . In contrast, we found NMDA triggered rapid and widespread K63-polyUb loss and PSD-95 deubiquitination (K63). A careful comparison suggests that processes involving the two different linkages might take place at different time points: K63 deubiquitination occurs within minutes, whereas proteasomal ubiquitination and degradation of PSD-95 occur at or 5-10 min after treatment (13, 56) . PSD-95 is constitutively conjugated by K63-polyUb chains, consistent with the lack of proteasome-associated ubiquitination events for PSD-95 at resting state (12, 57) . These studies suggest tightly controlled modifications of PSD-95 by different ubiquitin topologies. One potential mechanism is ubiquitin chain editing, a process through which the removal of K63-polyUb chains from a substrate is followed by the addition of K48-polyUb chains (38, 53) . Thus, PSD-95 represents a prime candidate for ubiquitin editing, and the K48/K63 dual sites we have identified may participate in the editing. This will await future investigations. The activity-dependent assembly/disassembly of K63-polyUb chains may involve dynamic regulation of the E2-E3-substrate-DUB multiprotein complex we have identified in the PSD. The Ubc13/Uev1A dimer remains the only known K63-selective E2 that, together with the RING-domain family E3 ligase TRAF6, catalyzes the assembly of K63-polyUb chains on substrates. Our results suggest that the Ubc13/Uev1A-TRAF6 complex binds the PSD-95 NT and delivers ubiquitin moieties to cognate lysine sites. It remains to be determined how the E2-E3 enzymes sense neuron activity; however, CYLD appears to be recruited to the PSD following depolarization (19) or NMDA stimulation (58) in cultured neurons, which may contribute to activity-dependent regulations of K63-polyUb conjugation at synapses described here.
The K63 linkage represents an important mechanism regulating synapse development, function, and plasticity. First, by conjugating to a major synaptic scaffold, K63-polyUb chains promote synapse formation, maturation, and strength, as indicated by several K63-deficient mutants in vitro and in vivo. Second, we demonstrate a critical role for K63 linkage and CYLD in cLTD. Our data support the notion that cLTD-inducing NMDAR activation triggers a rapid cleavage of K63-polyUb chains from PSD-95 by CYLD, leading to mobilization of deubiquitinated PSD-95 away from the core of PSD and subsequent loss of synaptic AMPARs, a model (Fig. 9E ) consistent with the slot hypothesis of synaptic strength control by PSD-95 (21, 47). We note that the immediate (within minutes) synaptic PSD-95 depletion by NMDA is due to PSD-95 translocation from, but not degradation at, the synapse. This finding is consistent with the observation that some PSD proteins undergo UPS-independent trafficking to or away from synapses (12) . This view, however, is different from a previous report proposing NMDA-induced UPS-dependent degradation of PSD-95 at the synapse (13) . The basis for the apparent inconsistency is unclear but may simply reflect different faces at different time points of the same process (e.g., ubiquitin editing; see above). Finally, K63 linkage may play a role in homeostatic plasticity. TRAF6 and CYLD are, respectively, potent positive and negative regulators of the TNF receptor and IL-1/Toll-like receptor signaling (2, 5) . Several proinflammatory cytokines, including gliareleased TNFα, known to control synaptic strength and scaling (59, 60) , are present in the brain. This raises the possibility that K63 ubiquitination and synaptically localized TRAF6/CYLD may contribute to homeostatic maintenance of synaptic connectivity in response to changes in glial activity during normal adaptive processes or pathological conditions. Finally, mutations to the CYLD gene cause familial cylindromatosis (6) , and patients often develop psychological problems. Our findings thus open up avenues in the study of neuro-immune and neuro-glial interactions involved in brain circuit development, dysfunction, injury, and repair.
There likely are other K63 substrates at the synapse. In Caenorhabditis elegans neurons, K63 ubiquitination has been implicated in mechanisms that regulate glutamate receptor trafficking (61) . A substantial portion of K63-polyUb clusters do not colocalize with PSD-95 (Figs. 1C and 8A) , supporting the presence of additional synaptic substrates. The abundance of CYLD in the PSD suggests that it may be a primary DUB for multiple proteins. Identification and characterization of these proteins can provide insights into the mechanisms of synapse development, function, and plasticity as well as related pathologies. , which maintains and compartmentalizes the protein (perhaps combined with other posttranslational modifications) to specific subdomains within the PSD. Synaptic activity opens NMDARs, allowing Ca 2+ influx, and recruits/activates CYLD (dashed arrow), which subsequently removes K63-polyUb from PSD-95. Deubiquitinated PSD-95 translocates away from PSD, destabilizing the PSD and weakening the synapse. Palmitoylated PSD-95 is targeted to the synapse membrane but may not be incorporated in a particular scaffolding/signaling complex that depends on PSD-95 K63 ubiquitination.
Materials and Methods
All procedures involving animals were approved by Harvard Medical School or State University of New York Upstate Medical University Institutional Animal Care and Use Committees. Methods details on molecular biology, biochemistry, virus construction and packaging, stereotaxic injection, immunohistochemistry, confocal microscopy and imaging analysis, and electrophysiology, as well as a full list of reagents, are included in SI Materials and Methods. All data are expressed as mean ± SEM. Comparisons were made with two-sided t tests or one-factor ANOVA with appropriate post hoc tests. Significance level was set at 0.05.
